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Functional Analysis of the Tubulin-Folding
Cofactor C in Arabidopsis thaliana
fusion construct showed that POR protein is localized
in the cytoplasm and is not associated with microtu-
bules. While, in por mutants, microtubule density was
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(Arabidopsis Genome Initiative number At3g10220; Fig-Germany
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ysis revealed a much longer transcript (approximately78026 Versailles Cedex
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that the POR gene is located together with the BAR38041 Grenoble Cedex 09
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This indicates that, in the por-T1 mutant, the T-DNA-
borne 35S promoter normally driving the BAR gene now
turns on a fusion transcript that also contains the POR
Summary gene. As translational reinitiation of a second open read-
ing frame is a rare event, it is conceivable that por-T1
The biogenesis of microtubules comprises several mutants have strongly reduced protein levels. Expres-
steps, including the correct folding of - and -tubulin sion of the TFC-C-like gene was found in all organs
and heterodimer formation. In vitro studies and the that were analyzed, including leaves, roots, flowers, and
genetic analysis in yeast revealed that, after transla- stems, at approximately the same levels (Figure 1B).
tion, - and -tubulin are processed by several chap- POR encodes a 38-kDa protein with 29% sequence
eronins [1, 2] and microtubule-folding cofactors (TFCs) identity (43% sequence similarity) to the human tubulin-
to produce assembly-competent -/-tubulin hetero- folding cofactor C (Figure 1C). No other TFC-C-like
dimers [3–11]. One of the TFCs, TFC-C, does not exist genes were found in Arabidopsis data banks. In order
in yeast, and a potential function of TFC-C is thus to prove that POR is a TFC-C ortholog, we tried to rescue
based only on the biochemical analysis. In this study the por-T1 mutant phenotype with the human TFC-C
and in a very recently published study by Steinborn gene. The human and the Arabidopsis cDNAs were
and coworkers [12], the analysis of the Arabidopsis cloned under the control of the 35S promoter and were
porcino (por) mutant has shown that TFC-C is impor- transformed in por-T1 mutants. Both constructs res-
tant for microtubule function in vivo. The predicted cued all aspects of the por-T1 mutant phenotype. We
POR protein shares weak amino acid similarity with did not observe any new phenotypic defects associated
the human TFC-C (hTFC-C). Our finding that hTFC-C with the overexpression of the POR gene.
under the control of the ubiquitously expressed 35S The previous finding that the TFC-C protein can be
promoter can rescue the por mutant phenotype shows copurified with tubulin suggested that it behaves as a
that the POR gene encodes the Arabidopsis ortholog microtubule-associated protein (MAP) [4]. In order to
of hTFC-C. The analysis of plants carrying a GFP:POR test whether the Arabidopsis TFC-C colocalizes to mi-
crotubules, we created plants expressing the POR:GFP
fusion gene under the control of the 35S promoter. This7 Correspondence: martin.huelskamp@uni-koeln.de
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Figure 1. Molecular Characterization of the POR Gene
(A) A schematic presentation of the POR gene and the T-DNA insertion.
(B) Expression analysis by RT-PCR in different organs. L, leaf; R, root; F, flower; S, stem. The expression level of elongation factor 1 (EF1)
was used as a control to standardize the RNA concentrations.
(C) The amino acid sequence comparison of POR (AtTFC-C) and the human cofactor C (hTFC-C) is shown. Identical amino acids are highlighted
in dark gray, and similar amino acids are highlighted in light gray.
(D) A Northern blot showing POR gene expression in wild-type (Ws) and the por-T1 mutant. Note that the POR transcript is much longer in
por-T1 as compared to wild-type. 26S rRNA is shown as a loading control. The position of the RNA size marker (Promega) is indicated on
the left.
(E) RT-PCR analysis showing that the T-DNA-borne 35S-driven BAR coding region and the POR coding region are on the same transcript.
Lane 1: por-T1 mutant cDNA, primer in the BAR gene (bar-s2) and in the POR gene (eav-as1); lane 2: wild-type cDNA, same primer as in lane
1; lane 3: por-T1 cDNA, primer in the 35S promoter (35S-k14) and in the POR gene (eav-as1); lane 4: por-T1 mutant genomic DNA, same
primer as in lane 3.
fusion protein is functional, as it can rescue the por-T1 and coworkers have shown that strong por mutants are
embryo lethal and consist of only a few highly enlargedmutant phenotype. GFP staining was found distributed
throughout the cells; no pattern reminiscent of the mi- cells, and this composition indicates that they play a
role in cell divisions and cytokinesis [12]. The por-T1crotubule distribution was found (Figure 2A).
What is the function of TFC-C in plants? Steinborn mutant analyzed in this study is a weak allele. Homozy-
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gous por-T1 plants develop into mature plants that are
reduced in size and are sterile (Figure 3A). This enabled
us to study TFC-C’s function in cell divisions, as well
as the potential role it plays in meiosis and cell morpho-
genesis in diverse cell types.
The por-T1 mutant exhibited cell division defects; al-
though, it exhibited defects to varying degrees in differ-
ent organs. While no cell division defects were found in
roots, we observed aborted cell divisions in the leaf. In
the por-T1 mutant, highly enlarged cells were found in
the mesophyll (Figures 3F and 3G). We also found greatly
enlarged epidermal cells containing more than one nu-
cleus, which suggests that nuclear divisions have taken
place in the absence of cell division (Figures 3H and 3I).
Some of the enlarged cells had only one giant nucleus
(Figures 3J and 3K). Thus, por-T1 mutants appear to be
affected in both nuclear and cellular divisions.
The finding that por-T1 plants are male and female
sterile suggested to us that meiosis is also affected. A
closer inspection revealed that male sterility was caused
by a rather unspecific abortion of microspores (data not
shown). On the female side, we found that the embryo
sac was completely absent (Figures 3B and 3C). In wild-
type, the female gametophytes develop from postmei-
otic cells through three rounds of free-nuclear mitosis,
followed by cellularization to the 7-celled embryo sac
[14, 15]. The complete lack of the embryo sac suggests
that meiosis is affected on the female side.
To study whether por-T1 mutants are also defective
in cell morphogenesis, we concentrated on three cell
types: root hairs, as an example of tip growing cells [16];
hypocotyl cells, as an example of diffuse growing cells
[17]; and trichomes, as an example of cells with a more
complex three-dimensional form [18, 19]. Under normal
growth conditions, root hairs and hypocotyl cells were
indistinguishable from wild-type. By contrast, trichomes
appeared generally reduced in size and exhibited fewer
branches. As compared to wild-type trichomes, which
normally have three branches, por-T1 trichomes were
either two-branched or unbranched (Figures 3D and 3E).
A reduced level of TFC-C activity should result in re-
duced levels of assembly-competent tubulin dimers,
and one might expect that, as a consequence, microtu-
bule density was affected. Using a GFP:MAP4 marker
line [20], we studied the microtubule organization in
wild-type and por-T1. Microtubule density was not obvi-Figure 2. Cell Biological Analysis of por-T1 Mutants
ously different from that in wild-type. Differences in the(A) Transgenic plants expressing GFP:POR under the control of the
microtubule organization were found only in trichomes.35S promoter. A fluorescent micrograph of a trichome displaying
In early stages of wild-type and por-T1 mutant trichomeubiquitous GFP staining in the cytoplasm and the nucleus.
(B) Microtubule organization in a wild-type trichome as revealed by development, cortical microtubules were organized
GFP:MAP4, which decorates microtubules in vivo. Note that transversally [21]. After branch initiation, cortical micro-
branches exhibit longitudinally oriented cortical microtubules tubules shifted to a more longitudinal orientation in wild-
(arrow).
type [21]. By contrast, in the por-T1 mutant we found(C) A por-T1 mutant trichome in which cortical microtubules are
that, in branches that have failed to properly elongate,oriented transversally in a trichome branch (arrow).
cortical microtubules maintained a transverse orienta-(D) A light micrograph of dark-grown wild-type (right) and por-T1
seedlings (left). Note that plants were exposed to light for 2 days tion (Figures 2B and 2C). As trichomes represent a spe-
to allow rosette leaf formation and to enable recognition of mutant cialized and fast-growing cell type, we speculated that
plants by their trichome phenotype.
(E) An agarose impression of a hypocotyl of a dark-grown wild-type
seedling.
(F) An agarose impression of a hypocotyl of a dark-grown por-T1 (H) Microtubule organization in hypocotyl cells of a por-T1
seedling. Note the bloated cells. GFP:MAP4 plant. Note that bloated cells have randomly organized
(G) Microtubule organization in hypocotyl cells in a dark-grown microtubules (arrow), whereas less-affected cells have a more regu-
GFP:MAP4 wild-type plant. Microtubules are coaligned. lar microtubule network.
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the failure to reorient microtubules might reflect that
microtubule reorientation in por-T1 mutants is impaired
only under fast-growth conditions. To test this, we grew
seedlings in the dark, which triggers rapid cell elonga-
tion in the absence of cell divisions [17]. Dark-grown
por-T1 mutants exhibited greatly reduced hypocotyl
elongation as compared to wild-type. Mutant hypocotyl
cells often appeared bloated (Figures 2D–2F). While
wild-type cells and less-affected cells in por-T1 mutants
exhibited regular coaligned microtubules (Figures 2G
and 2H), bloated cells showed a random network of
microtubules. Since the reorientation of cortical microtu-
bules involves rapid polymerization [22, 23], it is con-
ceivable that, in por-T1 mutants, de novo synthesis of
microtubules rather than the movement of existing mi-
crotubules is impaired. This view is consistent with the
function of POR in releasing assembly-competent /
dimers.
Supplementary Material
Details of the Experimental Procedures and the biological material,
plasmids, and oligonucleotides used in this study can be found at
http://images.cellpress.com/supmat/supmatin.htm.
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